This paper critically reviews examples in the literature of photochemical cis-trans isomerization paying particular attention to the medium effect and accompanied conformational changes. A case is made that the Hula-Twist mechanism, postulated in 1985 as a photochemical reaction pathway for a polyene chromophore imbedded in a protein binding cavity such as those of rhodopsin and bacteriorhodopsin, is also a dominant reaction pathway for a diene, or a longer polyene confined in a rigid (relative to isomerization rate) medium. The conventional one-bond-flip process is the preferred reaction pathway in a fluid medium. While defining experiments are proposed, this dual mechanistic approach successfully accounts for all examples in the literature on photoisomerization reactions whether involving conformational changes or not.
This paper critically reviews examples in the literature of photochemical cis-trans isomerization paying particular attention to the medium effect and accompanied conformational changes. A case is made that the Hula-Twist mechanism, postulated in 1985 as a photochemical reaction pathway for a polyene chromophore imbedded in a protein binding cavity such as those of rhodopsin and bacteriorhodopsin, is also a dominant reaction pathway for a diene, or a longer polyene confined in a rigid (relative to isomerization rate) medium. The conventional one-bond-flip process is the preferred reaction pathway in a fluid medium. While defining experiments are proposed, this dual mechanistic approach successfully accounts for all examples in the literature on photoisomerization reactions whether involving conformational changes or not. P hotochemistry of conjugated polyenes has been the subject of considerable study (1) (2) (3) . Despite the relative simplicity of the molecules, the results have been quite instructive. One important lesson, pointed out by Havinga and Schlatmann (4) and subsequently elaborated by other researchers (3, 5) through their detailed study of the photochemistry of polyenes in the vitamin D series (electrocyclizations, sigmatropic rearrangements, and geometric isomerizations) was the concept nonequilibration of excited rotamers, later popularly known as the NEER Principle (3, 5) . § In an incisive discussion, they pointed out that the results indicated that the excited molecules apparently do not undergo rotation about single bonds that connect unsaturated centers in the ground states, a reasonable hypothesis because theory indicated that these linkages greatly have increased double bond character in ,* excited states. The NEER effect is illustrated with reactions of cis-1,3,5-hexatriene (1) (3, 5) .
We showed that the excited triplet states of the simple dienes must retain the ground state orientation about the central single bonds (6, 7) . This was an especially telling case because the excited species even lived long enough to undergo bimolecular reactions in solution. The case of the parent 1,3-butadiene (2) is shown. ¶ Subsequently, there have been a large number of confirmatory reports of the same effect both from Leiden and from many other laboratories. Space limitation does not allow us to review a majority of these examples. Instead, we shall mention a few major developments germane to the current discussion. Isomerization reaction of substituted dienes (whether excited singlets or triplets) exhibits reactivities specific to different excited conformers (8) . Different spectra for isomeric triplets have been reported (9) . Substituent-and wavelength-dependent photochemistry of dienes and trienes has been shown to be consistent with selective excitation of different conformers (5, 10). And, from a variety of arylalkenes, where fluorescence is more common or efficient than in the simple dienes and trienes, different excited-state properties of the isomeric excited singlets have been demonstrated (11) (12) (13) . For longer polyenes, the effort has been largely devoted to unravelling the complex chemistry associated with the large number of geometric isomers (14, 15) . However, selective excitations of conformers were implicated (16) . In short, there have been an overwhelmingly large number of observations in agreement with NEER.
Geometric isomerization is an important mode of reaction of polyenes in their excited singlet states. The prevailing view (1, 8) for this simple reaction is torsional relaxation of the excited double bond of reduced bond order. Crossing to the ground state occurs near the perpendicular geometry. From there on, continuation of the torsional relaxation completes the diabatic reaction. For designating this general mechanistic process, we shall use the term one-bond-flip (OBF) to emphasize the turning over of one half of the molecule during the isomerization process. In 1985, R.S.H.L. proposed a volume-conserving cistrans isomerization mechanism (17) that was suggested as the primary photochemical process for a confined polyene such as the retinyl chromophore in the visual pigment rhodopsin. This process does not involve turning over either half of the polyene, but instead translocates a single C-H unit by simultaneously rotating two connected single and double bonds. Hence, the name concerted-twist at center n (CT-n) first was introduced. But subsequently, a locally fetching term, Hula-Twist at center n (HT-n), has taken over in popularity (18) . In Fig. 1 , we show the HT-n and the OBF mechanisms in photoisomerization of a segment of a polyene unit.
In addition to the difference in volume demand for the two processes (vide infra), the stereochemical consequences also are different. The OBF process leads to isomerization at the reacting double bond only, whereas the HT-n process leads additionally to conformational isomerization at the adjacent single bond. The latter change is seemingly a non-NEER behavior. In an effort to seek a definitive explanation for all documented examples of such apparent non-NEER behavior, we arrived at a unifying view for photoisomerization. We believe there is sufficient literature indicating the validity of this idea.
Examples in Apparent Violation of NEER. There are several examples in the literature where UV irradiation led to conformational changes of a diene or polyene unit, in apparent ''violation'' of NEER although none ever were discussed in that light. Thus, Squillacote et al. (19) showed that S-cis and S-trans 1,3-butadiene (2) trapped in argon matrix at 15 K interconverted readily on UV irradiation. Subsequently, Squillacote et al. (20, 21) extended similar studies to isoprene (2-methylbutadiene), 2,3-dimethylbutadiene, and other alkylated dienes. Independently, Kohler and coworkers (22, 23) reported that irradiation of all-trans-1,3,5,7-octatetraene (3) in an n-octane matrix at 4.2 K led to reversible formation of its 2-S-cis conformer. These works stand out in disharmony with the reported unique chemistry of different excited rotamers (8) . More recently, Fuss and coworkers (24) conducted a low temperature (liquid nitrogen) photochemical study of two conformers of previtamin D (4 a and b) , and reported the exclusive formation of photoproducts (5 a and b) derived from simultaneous twisting of a double bond and an adjacent single bond.
These are unambiguous examples of photochemical reactions involving conformational changes, in apparent violation of NEER. ʈ The modes of transformation, however, are consistent with the volume-conserving HT-n mechanism for cis-trans isomerization. In fact, the butadiene and octatetraene examples were cited as supporting evidence for the HT-n mechanism (17) and the photochemical results of previtamin D were labeled as the first definitive example of HT-n (24) .
Other recent indirect examples in support of HT-n are the following. In an elegant study with 1,4-dideutero-2,3-dimethylbutadiene (6) (16), Squillacote and Semple (20) reported the low efficiency of 2,3-dimethylbutadiene in undergoing S-cis͞S-trans interconversion.
They concluded that for this compound, the preferred chemical channel of deactivation is OBF at the 1,2-center. However, it ʈ A few other exceptions to NEER can be attributed to the long triplet lifetimes that allowed equilibration of triplet conformers. But the fact that, in these cases, the excitations are localized in a large aryl portion of the chromophore makes them incongruent with the original spirit of NEER (25-27). occurred to us that the combined observations on several dienes studied by can be consistently accounted for by the HT-n mechanism. With the presence of a smaller C-H unit at C-2 or C-3 of a 1,3-diene unit [C-3 for isoprene, 2-isopropylbutadiene (7), and 2,4-hexadiene (8)], HT-n should proceed with equal ease, resulting in the observed interconversion of conformers. When a larger substituent is present (such as a methyl),** steric inhibition makes HT-n at such centers competitively unfavorable as compared with HT-n at the unsubstituted terminal centers.
It should be noted that the latter HT-n processes (the translocation of either the C-H or the C-D unit) will achieve the same stereochemical consequence as the proposed (21) OBF mechanism for 6 (the translocation of both the C-H and the C-D unit). In consideration of photoisomerization efficiencies of a series of exocyclic dienes, Leigh and Postigo (28) noted a preference for cases where an adjacent single bond is twisted. Along with the HT-n mechanism, they cited the theoretical studies that traced the preferred relaxation pathways of an excited conjugated hydrocarbon (such as octatetraene; refs. 29 and 30) through several conical intersections which assume geometries corresponding to simultaneous twisting of an adjacent pair of double and single bonds. And a recent molecular modeling study describing the deactivation pathway of the excited rhodopsin (31) showcased HT-12 (for more details, see Protein-Bound Polyene Chromophores) as the primary photochemical reaction.
A Unifying Explanation. We would like to offer a unifying explanation for the seemingly contradictory photoisomerization results. We first shall concentrate our discussion on two systems where there are documented information for both retention and loss of conformational integrity. Specifically, we wish to address the following two questions. (i) Why did Fuss and coworkers (24) observe the two-bond twist result with two trienes in the vitamin D series (24) , whereas nearly all others (3, 5) reported retention of conformational integrity of trienes? (ii) Why were butadiene (19) and octatetraene (22) shown spectroscopically to undergo conformational equilibration although such conformational scrambling was not detected in many others' careful chemical work of substituted dienes (8)? The answer becomes evident if one focuses on the fact that all examples involving conformational changes were carried out in frozen solid media, whereas nearly all photochemial studies were carried out in fluid solutions. The very different reaction conditions present the very likely possibility of the involvement of two different reaction mechanisms.
For molecules in fluid solutions, the conventional OBF mechanism should apply, i.e., the reduced excited-state bond order of the formal double bond permits rapid torsional relaxation to the perpendicular structure. Crossing to the ground state potential surface followed by torsional relaxation completes the diabatic process. The fact that the NEER behavior has operated to near perfection in literature examples is a reflection of the importance of relative excited-state bond orders in dictating the position of the initial twisting process. However, it also is known that this facile torsional motion is highly sensitive to medium viscosity effects. Thus, the efficient isomerization reaction and the weak fluorescence of trans-stilbene observed in fluid solutions can be reversed in rigid media and͞or at low temperatures (32) (33) (34) . Similarly, fluorescence yields and excited-state lifetimes of trienes are enhanced greatly in solid solutions at low temperatures (35) . Closing the chemical channel of torsional relaxation should give the molecule time to explore other vibrational modes including more complex motions such as that required to do the Hula-Twist.
Thus, we wish to postulate that HT-n is an improbable high-energy process, not favorable in fluid solutions. However, it might become the dominant process in circumstances (solid medium) where the more probable OBF process is prohibited. The structures in Fig. 1 show the different spatial requirements between HT-n and the conventional OBF process. HT-n involves the translocation of a single H-atom (less volume demanding), whereas the conventional OBF process requires the turning over of one-half of the molecule (more volume demanding). It is possible that HT-n cannot be spared from medium viscosity effects, but certainly much less importantly than the OBF process. Thus, not surprisingly Squillacote and Semple (20) observed steric inhibition when the two key vinyl H's were replaced by methyl groups. Secondarily, we note that the motion of the C n -H unit is accompanied by a sliding (nearly in the plane of the original -system) motion of the two remaining halves of the molecule. This sliding motion could also be sensitive to medium viscosity effects to the extent that a large interference could render HT-n impossible. Hence, in our mind, the observations by Squillacote et al. (19) (20) (21) , Kohler et al. (22, 23) , and Fuss and coworkers (24) were the consequence of clever usage of the medium allowing revelation of an improbable process.
An alternative way of viewing the HT-n process was suggested to us, † † i.e., rotation of the formal double bond in the excited state to the perpendicular structure, then twisting an adjacent formal single bond in the ground state followed by torsional relaxation of the doubly twisted species. We do not believe that this stepwise mechanism is in agreement with known facts. Medium viscosity effects are expected to have a profound influence only at the early part of the rotational motion. This portion of the twisting motion is identical in the stepwise mechanism and in OBF-i.e., equally inhibited in viscous media. Therefore, there is no reason to suspect that the stepwise mechanism would become more favored than OBF in frozen media. Also, the results of Fuss and coworkers (24) showed that the two-bond-flip product was formed in the absence of any one-bond-twist product, a feature more consistent with the concerted HT-n mechanism than the stepwise mechanism. And the recent calculations on minimum energy pathways for deactivation of excited dienes and polyenes (29, 30) showed that, even in isolation, two-bond twist is not a prohibitively high-energy pathway. In short, we believe HT-n is a concerted diabatic process, higher in energy than OBF, yet becoming observable when the latter is suppressed in confined media. In fact, media constriction might lead to development of new vibrational modes especially appropriate for involvement in the conversion of electronic energy to vibrational energy in the internal conversion process (36) .
The proposed explanation is closely analogous to known examples in spectroscopy and even in photochemistry. That a nonfluorescent compound becomes fluorescent in a frozen medium is clearly the result of shutting off of a rapid radiationless deactivation process or processes. And new modes of chemical reactions (sometimes exclusively) detectable only in a **Hence, a large okole, the Hawaiian word for ''hips.'' † † Professor J. Saltiel expressed this view to us soon after publication of our 1985 HT-n paper (17) . The issue was revisited recently along with new examples of NEER behavior.
frozen medium again require closing of the normal chemical channel(s) in solution. Particularly relevant are the many examples of medium directed regiospecific or stereospecific photochemical reactions in the solid state (37, 38) . In this regard, one might expect HT to be of slow rate but not necessarily a low quantum yield process. The latter is because of the likely absence of other efficient competing processes in frozen confined media. Thus, we believe the high quantum yield of isomerization of rhodopsin (0.67; ref. 39 ) is likely a unique two-bond-twist pathway guided by the protein residues that constitute the highly specific (40) chiral-binding cavity of the visual protein (41) . It is interesting to note that even in solution, solvent viscosity has a definite influence on configurational isomerization reactions. A relevant example is medium-directed regioselective isomerization of compounds in the vitamin A series (42) . Conformational isomerization is also highly sensitive to medium͞ temperature effects. For example, Kohler et al. (22, 23) reported that 2-S-cis-octatetraene reverts to the all-trans-S-trans conformer at temperatures above 50 K, a remarkably fast process. On the other hand, the primary, bulkier S-cis-photoproducts in the vitamin D series were reported to be stable at liquid nitrogen temperatures (24) . Clearly, the exact conditions for detecting the primary photoproduct are important.
Returning to the issue of whether HT violates NEER, it should be noted that the observation of new conformation in the product structures is in no way a guarantee that the molecule has undergone ''equilibration of excited rotamers.'' HT-n, as we discussed above, is a diabatic process, whereas the NEER behavior is strictly an adiabatic phenomenon (43) . Any association of HT-n with violation of NEER is likely the result of misconception derived from the method of analysis-ground state product structure analyses for the understanding of an excited phenomenon, a method used almost exclusively by Havinga and coworkers (3, 5) in formulating the NEER concept.
Proposed Experiments. After the explanation offered above, we are now in a position to define new experiments for the purpose of distinguishing between the HT-n and the OBF mechanisms. And information for finer details about HT-n also can be obtained with carefully designed systems. These are discussed separately below.
The HT-n and the OBF Mechanisms. The desirable compounds for distinguishing between these two mechanistic pathways are the following. For 1,4-dideutero-1,3-butadiene (9), HT-n is expected to yield the 1-cis-2-S-cis isomer (by way of HT-2) or the 2-cis isomer (HT-1) as the primary photoproducts, whereas OBF will give the latter only. For 1,4-dideuteroisoprene (10), HT-n will give primarily the 2-S-cis-3-cis isomer (HT-3). The 1-cis-2-S-cis isomer (HT-2) is not expected to form easily because of inhibition by the methyl group. Additionally, the 1-cis and 3-cis isomers (from HT-1 and HT-4) also will be formed. On the other hand, OBF will give only the 1-cis and the 3-cis isomers. Probably the former is slightly favored because of the documented preference of isomerization at the trisubstituted center over the disubstituted (44) . For the ring-appended diene 11, HT-n will give the S-cis conformer, whereas OBF will not lead to any detectable reactions. On the other hand, compounds 12 a and b cannot undergo HT-n, whereas OBF is unaffected.
For compound 13 in the triene series [and the analogous compound 14 in the stilbene series or many others where solution studies are known (11)], HT will give the less stable cis-S-cis isomer, whereas OBF will give the more stable all-Strans-cis isomer. Parallel studies with deuterated 1,3,5,7-octatetraene, or other labeled isomers, could yield equally interesting information on the longer polyene.
It is clear that for detection of HT-n products, restricted medium must be used and for detection of OBF products fluid solutions should be used. Whether the two mechanisms could be competing against each other in solvents of intermediate viscosity (or other restraining forces) is an interesting situation to be explored. Steady-state irradiation of samples in solids at a low temperature not only has the advantage of possibly eliminating any of the OBF products but also allows accumulation of the unstable S-cis products for structural analyses by vibrational or other less sensitive but informative spectroscopic techniques. Fast time-resolved spectroscopic methods when applied to fluid samples are not suitable substitution for detection of HT-n processes.
Finer Details of HT-n. The following compounds are likely to yield new information concerning finer details of HT-n. Compound 15 will not provide distinguishable chemistry between HT-n and OBF. However, when one of the vinylic positions is deuterated (15a), relative ease of HT-n at the two vinylic centers will be of great interest. A favorable deuterium isotope effect (k D ͞k H Ͼ 1) reflecting enhanced HT-n by deuterium substitu-tion, is in agreement with the notion that the C-D vibrational amplitude is smaller than that of C-H. An unfavorable deuterium isotope effect (k D ͞k H Ͻ 1) could suggest instead the importance of vibrational (vinyl CH or CD) electronic coupling in determining rates of radiationless deactivation (36) . If there is a worry of how to distinguish between a possible competing secondary deuterium isotope effect for the OBF process, one could use 3-deutero-2,4-hexadiene instead (16) . For this compound, a deuterium isotope effect on HT-3 and HT-4 would show unequal amounts of the 2-cis-3-S-cis and 4-cis-3-S-cis isomers, whereas OBF will have minimal isotope effect to give the 2-cis or 4-cis products (also obtainable by HT-2).
If HT-n is inhibited (not eliminated) with the replacement of the vinyl H's by methyl groups (21) , it will be of interest to examine the effect of other groups such as F and Cl (17, 18) replacing vinyl H's. One could then ask questions such as those regarding medium polarity effect on the HT-n of compounds containing such electronegative substituents.
With dienes where the terminal carbons are substituted with alkyl groups larger than the methyl (19), one should be able to determine whether in HT steric inhibition could play a role in determining relative ease in the sideways sliding motion of the alkyl side chains (Fig. 1) . This study should be carried out in conjunction with a thorough study of medium effects on HT-n. The work by Fuss and coworkers (24) should be extended from liquid nitrogen temperature to 4 K for detection of mediumimposed barriers to HT-n. Also, even though Squillacote et al. (21) reported no significant difference in the photochemistry of 1,4-dideutero-2,3-dimethylbutadiene in argon and in isopentane at 15 K, a more comprehensive study of medium effect should be conducted.
The above discussion has been limited largely to conjugated dienes, trienes, and tetraenes. We would like to point out that among the voluminous reports on the photochemistry and photophysics of stilbenes and larger arylalkenes (11), selected systems had been examined in solid solution at low temperature. Fischer and coworker (45, 46) and Alfimov et al. (47) independently found an elegant method to freeze-in nonequilibrium trans rotamer mixtures by low-temperature irradiation of the corresponding cis isomers, by using the information that (c3t) is less sensitive to solvent viscosity effect than is (t3c) . The product rotamer composition was believed to be governed by its equilibrium value in the cis form (11, 45, 46) . To us, these results are accountable by the involvement of the HT-n mechanism for the nonplanar cis isomers, which are loosely enclosed by solvent molecules, possibly a requirement for reaction for these large molecules. The relative amounts of the conformers of the trans product will depend not only on the equilibrium concentration and the relative absorbance of various conformers of the cis isomer, but also on the relative quantum yields of HT-n for these conformers. That the trans isomers fail to undergo isomerization to the cis isomer is likely a reflection of steric inhibition of a tightly fit solvent cage around the planar trans isomer. In this regard, the recent HT-n work by Fuss and coworkers (24) was carried out, quite interestingly, with the nonplanar cis isomer. Future studies with carefully designed systems (including the use of cis isomers with fused rings) will allow differentiation of the proposed HT-n mechanism against what is currently poorly defined in the literature.
Many of the proposed experiments are beyond the capability of the facilities available in Hawaii. It is our hope that this paper will provide sufficient stimulation to many experts around the world who have the necessary tools to search for more examples associated with the phenomenon described here-especially because conditions for HT-n now are well defined.
Protein-Bound Polyene Chromophores. The HT-n concept was introduced to account for the rapid isomerization reaction of the anchored, excited retinyl chromophore confined in the visual protein opsin (17) . When taken into consideration of possible isomerization of rhodopsin (11-cis) (20) and isorhodopsin (9-cis) (21) to apparently a common primary photoproduct (48), R.S.H.L. postulated HT-10 and HT-11 as the respective primary photochemical processes for these pigments (17) . However, because of subsequent observation of photoreactivity of the rhodopsin analog 22 (49) (50) (51) , the new mode of HT-12 was invoked (49) . Ishiguro (31) recently demonstrated by molecular modeling that HT-12 is the preferred photoisomerization process of rhodopsin giving 12-S-cis intermediate 23. However, we are no longer convinced that for a tethered and anchored chromophore such as that in rhodopsin, the media and molecular constraints will necessarily allow the HT-n process to reach an energy well corresponding to stable S-cis conformation sufficiently deep for its detection. Recognizing the possibility of secondary reactions is a departure from our original conjecture (17) .
For bacteriorhodopsin, a HT-n process is possibly taking place as well for the conversion of its all-trans retinyl chromophore to the 13-cis isomer. Schulten (52) was the first one who suggested the 13,14-dicis structure for K intermediate, a feature consistent with the HT-14 process (53). Schulten subsequently reported additional evidence in support of the dicis structure (54). This conclusion is different from the 14-trans structure reached after vibrational analyses (55) . For the more recently discovered photoactive yellow pigment (PYP), high-resolution protein structure (0.85 Å) is now available (56) . It is interesting to note that a recently proposed structure of the primary product, the red-shifted intermediate (57) , is indeed one closely resembling that predicted from a HT process.
In fact, for any other photosensitive polyene pigments (such as bilirubin and phytochrome; ref. 58) one should ask the same question, how isomerization of the imbedded chromophore can take place at an extremely fast rate.
In summary, that HT-n is a high-energy process observable only in restricted medium was the theme expressed in the original HT-n paper (17) . Literature evidence now suggests that the same situation applies to small molecules. This theme is different from that of Fuss and coworkers (24) who, in reporting the first example of HT-n, suggested that HT-n could be a common mechanism for all isomerization reactions. We believe that photoisomerization data currently available in the literature can be successfully accounted for by the dual mechanistic approach described in this paper.
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